The early and late components of the event-related potential (ERP) Old-New effect are well characterized with respect to long-term memory, and have been associated with processes of familiarity and recollection, respectively. Now, using a short-term memory paradigm with verbal and non-verbal stimuli we explored the way that these two components respond to variation in recency and stimulus type. We found that the amplitude of the early component (or frontal N400, FN400) showed Old-New effects only for verbal stimuli, and increased with recency. In contrast, the later component (or late positive component, LPC) showed Old-New effects across a range of stimulus types, and did not scale with recency. These results are consistent with the way that these same ERP components have been characterized in long-term memory, supporting the idea that some of the same processes underlie long-and short-term item recognition.
The sizeable literature on stimulus repetition's effect on the event-related potential (ERP) shows that ERPs evoked by previously-experienced stimuli are more positive-going than ERPs evoked by new stimuli (for reviews, see Johnson, 1995; Rugg, 1995) . This effect, referred to as the the "ERP OldNew effect" in the context of long-term memory paradigms, has been divided into early and late factors, which correspond to the frontal N400 (FN400) and late positive component (LPC), respectively. This distinction between early and late factors is justified by evidence that these two components are sensitive to different experimental manipulations (Smith, 1993; Curran, 2000) , and have distinct topographies at the scalp (Curran, 2000) .
A variety of stimuli can elicit a robust ERP Old-New effect: words (Rugg & Nagy, 1989) , orthographically legal non-words (Beisteiner et al., 1996) , and meaningful pictures (Rugg & Doyle, 1994) . Studies using nonverbal stimuli have frequently failed to observe ERP Old-New effects. Such failures have been reported in the case of meaningless pictures (Rugg & Doyle, 1994; Thomas, 1992; Crites, Delgado, Devine, & Lozano, 2000) , novel objects (Rugg, 1995; Beisteiner et al., 1996) , and spatial locations (Mecklinger, 2000) . A few studies have observed ERP Old-New effects for nonverbal stimuli such as novel stimuli trained for categorization (Curran, Tanaka, & Weiskopf, 2002) and faces (Nessler, Mecklinger, & Penney, 2005) .
1 These studies led us to hySupport by NIH grants MH068404 and MH61975. Address correspondence to either sekuler@brandeis.edu or kahana@sas.upenn.edu. pothesize that verbalizability moderates the size of the ERP old-new effect.
The dual-process model is one characterization of the ERP Old-New effect that has garnered substantial support. According to dual-process theorists, dissociations observed in recognition memory tasks can be explained by two distinct memory processes: recollection and familiarity (for review, see Yonelinas, 2002) . Dual process theories generally define recollection as a process involving the retrieval of specific details, including source information, and describe familiarity as a feeling of knowing in the absence of source information. Recent studies suggest that the FN400 indexes familiarity and that the LPC indexes a recollective process (Diana, Vilberg, & Reder, 2006; Duzel, Yonelinas, Mangun, Heinze, & Tulving, 1997; Curran, 2000; Curran et al., 2002; Curran & Cleary, 2003; Curran, 2004) . However, support for this mapping between ERP components on one hand, and memory processes on the other has come almost exclusively from studies of long-term memory.
The FN400 and late positive components of the ERP OldNew effect have been well studied and characterized in tasks involving long-term memory, but their role, if any, in shortterm memory is far less well understood. Evidence that these effects are present in short-term memory tasks (Crites, Devine, Lozano, & Moreno, 1998; Crites et al., 2000) and that dual processes may be at work during short-term recognition (McElree & Dosher, 1989) , motivated us to explore the properties of these two effects in short-term memory. In doing so, we manipulated factors that have been explored in long-term recognition tasks, using five different stimulus types in a Sternberg (1966) short-term recognition paradigm. These stimulus types comprised letters, words, objects, spatial locations (Jonides et al., 1993) , and sinusoidal gratings (Kahana & Sekuler, 2002; Zhou, Kahana, & Sekuler, 2004; Visscher, Kaplan, Kahana, & Sekuler, 2007; Kahana, Zhou, Geller, & Sekuler, in press ).
Two criteria governed our selection of the five stimulus types that were used in this study. First, several of the stimulus types (letters, words, drawings of familiar objects, and spatial locations) were chosen, in part, to replicate types of materials used in previous research on the ERP Old-New effect. As the four classes of stimuli previously produced partially-divergent results, comparisons among the four here would be particularly informative. The second criterion influencing our choice of stimulus materials can be seen in Olsson and Poom (2005) 's demonstration that stimulus categorizability is a powerful influence on short-term memory. They showed that when test stimuli are easily categorized, short term memory's measured capacity is considerably higher than when test stimuli are likely to be confused with one another, that is, when they are less easily categorized. So, to manipulate the potential load on short-term memory, we chose three stimulus types (letters, names of familiar objects, and drawings of the corresponding objects) that would likely lend themselves to easy categorization and the generation of reliable, consistent verbal labels, and two stimulus types (spatial location and gratings) whose intratype similarity would lead to some inter-item confusion, and resist reliable categorization. To take some examples, subjects who are shown the word "fork" or a clear line drawing of a fork are virtually certain to code each in a consistent way on repeated presentations, just as they would if they saw the letter F several times; in contrast, subjects who see abstract visual patterns that are fairly similar to one another, as our gratings are, will sometimes mistake them for one another, and will not categorize them in a highly-consistent fashion. Of course, spatial location and grating patterns, the materials we chose, are not the only kinds of stimuli whose inter-item similarity could impact short-term recognition. In fact, it has long been recognized that even with verbal materials, similarity can play a special, significant role in the computations underlying episodic memory (e.g., Hintzman, 1988; Deese, 1959; Roediger & McDermott, 1995) .
In summary, our aim was to examine the ways in which the FN400 and LPC responded to task manipulations during a short-term memory task. In so doing, we sought improved understanding of the function of the two components, and the processes they represent, in short-term memory, and of the relationship between short-term and long-term memory.
Method

Participants
The participants were 12 right-handed volunteers (four female) ranging in age from 19 to 29 years. All participants had normal or corrected-to-normal vision. Participants received a base payment plus a performance-based bonus. Brandeis University's Committee for the Protection of Human Subjects approved this research and the informed consent that was provided to participants.
Stimuli
Five different pools of stimuli were employed: single letters, words, pictures of objects, dots at different spatial locations, and two-dimensional sinusoidal gratings. Each pool consisted of 16 unique visual stimuli. The letter pool contained lower case exemplars of the consonants b, c, d, f, g, h, j, k, l, m, n, p, q, r, t, and v. The word pool contained the nouns ball, bat, bed, bell, cake, car, chair, dog, ear, fly, fork, hat, heart, key, kite, and shoe, all in lower case text. The object pool comprised drawings, each of which corresponded to one noun in the word pool; the drawings were taken from Snodgrass and Vanderwart (1980) 's set of black and white line drawings. With the exception of the drawing of a baseball bat, all object drawings had previously been shown to enjoy very high name agreement, that is, Snodgrass and Vanderwart (1980) 's subjects agreed on average 92% of the time as to the single best name for each object picture. This high level of consistency supports the idea that each drawing was easily categorized and named. The pool of spatial position stimuli was generated by presenting a 1 cm-diameter white disc at one of 16 different, non-overlapping, evenlyspaced locations on the screen. All the locations were 10 cm equidistant from the center of the screen, that is, they were positioned on the circumference of a virtual circle centered on the screen's center. To reduce the differential ease with which particular, canonical positions (e.g., directly upward from center) could be remembered, locations were shifted by 10 o away from those positions. Finally, the pool of grating stimuli comprised sixteen different two-dimensional textures, similar to those used in some previous studies of shortterm memory (e.g., Zhou et al., 2004; Kahana & Sekuler, 2002; Visscher et al., 2007) . Each texture was a superposition of one horizontal and one vertical sinusoidal luminance grating, generating a luminance profile described by
where L avg represents mean luminance (L); f and g represent the spatial frequency of the vertical and horizontal components, respectively; and A is defined by
Parameters used to generate the 16 grating stimuli were A = 0.25, f = g = {0.8, 1.3, 2.1, 3.4} cycles/degree. The lu- minance of the monitor was linearized by calibration routines from the Psychtoolbox (Pelli, 1997) . The 16 gratings used in our study are shown in Figure 1 .
Stimuli were presented on a computer monitor positioned approximately 57 cm from the participant. The approximate visual angle subsumed by the letter, word, object, and grating stimuli was 5 • ; it was 10 • for the spatial stimuli. Example stimuli from each pool are displayed in Figure 2 .
Procedure
Participants indicated that they were ready to begin each trial with a key press. After the key press, a blank screen was presented for 400 ms, followed by a fixation cue that remained on screen for 1000±200 ms. This fixation cue was followed by a set of three study stimuli and eventually a test probe. On a given trial, all stimuli were drawn from the same pool of items. Each study stimulus was appeared on screen for 700 ms. A blank screen lasting 275±75 ms followed after the offset of the first and second study stimuli. After the offset of the third study stimulus, there was a blank screen lasting for 500±75 ms. Participants were instructed to remember the contents of the study set during this retention interval. Finally, the probe stimulus was presented for 750 ms. Participants were instructed to determined as quickly and accurately as possible whether the probe stimulus had been among the study list or not. They were instructed to respond to an old item (one that had appeared in the study set) by pressing a key with their right index finger, and to respond to a new item (one that had not appeared in the study set) by pressing a key with their left index finger. The participants initiated the next trial by pressing a key. The minimum interval between trials was 1500 ms. Figure 2 presents examples of items that might be presented on a trial with each stimulus pool. Feedback on accuracy and response time was given after a block of 30 trials.
Each participant completed five experimental sessions, and each experimental session consisted of ten blocks of 30 trials, with two blocks drawn from each of the five stimulus pools. Each block comprised items from only one stimulus pool, and an equal number of trials with old and new probes (15 trials each). In addition, each block contained an equal number of old probes appearing in the first, second, or third serial position in the study set. The resulting parametric design had a total of 1500 trials per participant, with 300 trials per stimulus type per participant, 150 old trials (50 from each serial position) and 150 new trials. Within any block, trials were constrained in several ways. First, stimuli presented in a given trial could not have appeared in either of the two preceding trials. Second, a study item could appear as a new probe only once per block. Finally, the sequence of old and new trials within a block was randomized.
Electroencephalographic (EEG) Recording
During EEG recording, participants were instructed to remain silent and to minimize all body and eye movements, particularly blinks. Participants were also encouraged to take as many breaks between self-paced trials as they needed to maintain concentration and optimize performance.
Recordings were obtained from 60 tin electrodes located in standard electrode positions embedded in an elastic cap (ElectroCap). EEG signals were amplified 10,000 times (Sensorium EPA6) with band limits between 0.03 and 50 Hz (12 dB/octave). Analog-to-digital signal conversion was implemented with a 12-bit data acquisition card (National Instrument PCI-6071E) with ±5V dynamic range. The overall system resolution was therefore 0.24 µV/bit. Digitization rate was set at 256 Hz. Amplified signals were then digitally notch-filtered to remove 60-Hz line noise.
Electrode impedances were brought to <50 kΩ, and interelectrode impedances were within 20 kΩ; skin impedances (ground and reference) were kept below 10 kΩ. All EEG signals were recorded referentially using the right mastoid. EEG signals were digitally re-referenced to the average EEG signal recorded from all electrically sound electrodes. On any given session, no more than 5% of all electrodes had poor electrical contact and/or high impedances.
Six electrodes were used to monitor electro-oculogram (EOG) activity. Vertical eye movements were isolated with electrodes positioned above and below each eye. Horizontal eye movements were isolated with electrodes placed at the lateral canthus of each eye. Each pair of EOGs was recorded bipolarly. Raw signals from EOG were used for automatic eye movements and blink detection following Net Station's T M weighted running-average algorithm (EGI, 2004) . If any one pair of EOG exceeded the combined rejection threshold of ±100 µvolts, the event (i.e., the particular stimulus presentation) that corresponded to the EOG spike was excluded from analysis. Fewer than 6% of all trials were excluded.
Fixation
1 st 2 nd 3 rd Retention Probe Figure 2 . Schematic illustrating one trial from each stimulus pool. On any given trial, subjects were first shown a fixation marker, followed by three study items, a retention period, and a probe. Subjects were instructed to respond "yes" to an old item (a probe that matches one of the three study items) and "no" to a new item (a probe that does not match any of the study items). Note that images are not shown to scale.
Event-Related Potential Analysis
Probe-locked ERPs were calculated for correct trials with response times between 200 and 1300 ms. The ERP epoch ran from 0 to 1000 ms and were low-pass filtered at 40 Hz. To account for subject-to-subject signal fluctuation, Ztransformed ERPs were calculated for each subject, stimulus type, probe type, and electrode, following
where j denotes the trial, t denotes the time across the epoch of the ERP, V denotes voltage (µV), µ j denotes the mean over time for trial j, and σ denotes the standard deviation across trials and time. It is worth noting µ is calculated over trials while σ is calculated over trials and time. This way, the variance across both time and trials is accounted for, but the resulting ERP maintains its characteristic shape over time.
The Z-transformation included a baseline correction to the first time point of the ERP. In order to account for multiple comparisons across electrodes and deviations from normality in our statistical analyses, we used a nonparametric resampling procedure for matched pairs (Howell, 2002) . Essentially, this involved shuffling across electrodes and all factors in the statistical test (i.e., probe-type and stimulus type). In an Old-New contrast, each resampling consisted of swapping the sign of the OldNew difference for each subject with a 50% probability as well as randomly shuffling the values across electrodes, and then calculating the corresponding t statistic at each electrode for this resampling. By repeating this resampling procedure 1000 times, we were able to generate an empirical distribution of t values for each electrode against which the t value from the original data set could be compared. This yielded a nonparametric p value that served as the basis for a statistical decision. It is worth emphasizing that this empirical distribution consisted of values from all electrodes, such that across electrodes an α of p = .05 would yield .05 × 60 = 3 significant electrodes by chance.
Topographic visualization was done with the EEGLAB Matlab toolbox (Delorme & Makeig, 2004) .
Results
Behavioral
Average discrimination scores for each serial position and stimulus type are presented in Figure 3 . For consistency with the ERP analyses, only trials with response times between 200 and 1300 ms were included in the analysis. Figure 3A shows that participants had very high discrimination scores on letter, word, and object trials, but could not discriminate as well on spatial and grating trials. There also appeared to be a recency effect, with probes from the third serial position (O 3 ) being recognized more accurately than probes from the first (O 1 ) and second (O 2 ) serial positions, especially for grating trials. In order to confirm these observations, a 5-stimulus type×3-serial position repeated-measures ANOVA was performed with d-prime as the dependent variable. There was a significant main effect of stimulus type on discriminability (F(4,44) = 49.05, MSE = 0.16, p <.01). Bonferroni-corrected pairwise comparisons showed no difference between letters and words (t(11) = 0.65, n.s.), letters and objects (t(11) = -0.18, n.s.), or words and objects (t(11) = -0.47, n.s.), but significant differences between these stimulus types and spatial locations (t(11) = 10.93 (letter), 12.51 (word), 9.54 (object), p <.01) and gratings (t(11) = 16.20 (letter), 15.97 (word), 16.59 (object), p <.01). There was also a significant difference between spatial locations and gratings (t(11) = 6.47, p <.01). There was a significant effect of serial position on discriminability (F(2,22) = 5.47, MSE = 0.86, p <.05). A planned contrast confirmed that O 3 probes were significantly more discriminable than O 1 (F(1,11) = 7.58, MSE = 0.24, p <0.05) and O 2 (F(1,11) = 8.14, MSE = 0.28, p <.05) probes. Furthermore, stimulus type significantly interacted with serial position (F(8,88) = 104.93, MSE = 0.15, p <.01). In order to establish which stimulus types showed significant recency effects, we performed Bonferroni-corrected t tests comparing O 1 and O 3 probes for each stimulus types. Letters (t = -3.08, p <.05), words (t = -3.78, p <.05), objects (t = -5.05, p <.01), and gratings (t = -4.34, p <.01) all showed significant recency effects in their discrimination scores, but spatial locations did not (t(11) = 0.47, n.s.).
Average response times for correct trials for each probetype and serial position, along with new items, are presented in Figure 3B . Again, only trials with response times between 200 and 1300 ms were included to match with the ERP analyses. There was a clear recency effect for response time for all stimulus-types, with O 3 being answered faster O 1 , O 2 , and new items (N). In addition, response time appeared to be the same for letter, word, object, and spatial trials, but substantially longer for grating trials. In order to confirm these observations, a 5-stimulus type×3-serial position repeatedmeasures ANOVA was performed with response time as the dependent variable. There was a significant main effect of stimulus type on response time (F(4,44) = 49.81, p <0.01). Bonferroni-corrected pairwise comparisons showed no difference between letters and words (t(11) = -2.99, n.s.), letters and objects (t(11) = -2.26, n.s.), letters and spatial locations (t(11) = -2.11, n.s.), words and objects (t(11) = -0.27, n.s.), words and spatial locations (t(11) = -0.92, n.s.), or objects and spatial locations (t(11) = -0.71, n.s.). There were significant differences between these four stimulus types and gratings (t(11) = -11.63 (letter), -11.43 (word), -9.67 (object), -9.05 (spatial location), p <.01). There was a significant main effect of serial position on response time (F(2,22) (F(1,11) = 53.92, MSE = 6498.81, p <0.01) probes. In addition, there was a significant interaction between stimulus-type and serial position for response time (F(8,88) = 4.00, p <0.01). In order to establish which stimulus types showed significant recency effects for response time, we performed Bonferroni-corrected t tests comparing O 1 and O 3 probes for each stimulus types. Letters (t = 5.04, p <.01), words (t = 7.53, p <.01), objects (t = 10.68, p <.01), and gratings (t = 3.41, p <.05) all showed significant recency effects in their response times, but spatial locations did not (t(11) = 1.86, n.s.).
Event-related potential
To investigate the effect of recognition on the probe ERP, items that were previously presented in the study list (O = old items) and items that were not presented in the study list (N = new items) were compared during the two canonical components that have been identified with the ERP Old-New effect: the FN400 (350-450 ms) and the LPC (500-700 ms). Letter, word, and object probe ERPs were averaged to obtain a "verbal probe ERP." This aggregation was motivated by a theoretical interest in the commonalities among these stimulus types (i.e., their verbalizability). Using EEG oscillatory activity as their measure, Hwang et al. (2005) demonstrated the same commonalities among stimuli that could be verbally rehearsed. The decision to aggregate the verbal stimuli was also justified on empirical grounds, by the parallels in the behavioral data (no significant differences among these three stimulus types), and by the topography of the Old-New effect across stimulus types. The small topographic plots in Figures 4A and 5A show that the topographies of the OldNew effects across these stimulus types largely overlapped and did not differ significantly from each other at the electrodes encompassing these effects.
FN400 (350-450 ms).
In order to visualize the topography of the FN400 component of the ERP Old-New effect separately for each stimulus type, we performed a resampled paired t test comparing O and N ERPs for each stimulus type and electrode. The p values from the t tests are displayed topographically in Figure 4A for verbal, spatial, and grating ERPs. Grand average waveforms from a representative electrode (Fz) are also displayed in Figure 4A for each of the stimulus types. The topography for verbal stimuli is representative of the canonical FN400 Old-New effect, with O ERPs being more positive at frontal recording sites and N ERPs being more positive in more posterior regions (Curran, 2000) . In contrast, the corresponding Old-New significance plots for spatial and grating stimuli show no areas where O ERPs are more positive than N ERPs, and show only scattered significance in the opposite direction. These results suggest that the FN400 Old-New effect occurs for verbal stimuli, but not for spatial or grating stimuli.
In order to determine whether the variation in the FN400
Old-New effect across stimulus types comprised a significant interaction, a 3-stimulus type×2-Old-New resampled repeated-measured ANOVA was performed at each electrode. A significant interaction would indicate that the size of the FN400 Old-New effect varies across stimulus types, and would confirm the differences observed in Figure 4A .
The p values for the interaction term from the ANOVAs are presented topographically in Figure 4B . It can be seen that there was a significant interaction between stimulus type and probe-type at frontocentral locations overlapping with the FN400 Old-New effect, suggesting that O and N ERPs were different during this period for some stimulus types (i.e., verbal), but not others (i.e., spatial and grating). Bonferronicorrected pairwise comparison plots displayed in Figure 4B confirm that this interaction is driven by the difference between verbal Old-New effects and spatial or grating Old-New Effects.
In order to better characterize the relation between the FN400 Old-New effect and recency, we investigated how the FN400 Old-New effect varied with serial position. If this effect were indicative of recency, its amplitude should increase monotonically with serial position, mirroring the recency effect seen in the behavioral data. The FN400 OldNew difference at electrode Fz for each of the three serial positions (O 1 , O 2 , and O 3 ) and stimulus types (verbal, spatial and grating) is shown in Figure 4C . During the FN400 time window, the Old-New effect associated with all three stimulus types tended to increase with serial position. To test whether the trend in serial position was significant, a 3-stimulus type×3-serial position repeated-measures ANOVA was performed at electrode Fz with Old-New difference as the dependent measure. There was a significant main effect of serial position on the amplitude of the FN400 Old-New effect (F(2,22) = 15.19, MSE = 0.06, p <.01). Consistent with our previous observations, there was a main effect of stimulus type on the FN400 Old-New effect (F(2,22) = 7.53, MSE = 0.16, p <.01). Stimulus type did not interact significantly with serial position (F(4,44) = 0.64, MSE = 0.06, n.s.). This suggests that ERPs elicited by all three stimulus types show similar recency effects, with more recent stimuli exhibiting more positive FN400 waves. It is worth noting that the spatial and grating stimulus types show recency effects, but not OldNew effects. So, although the FN400 does not distinguish old and new items for spatial and grating stimuli, the FN400 is indicative of recency.
LPC (500-700 ms). In order to visualize the topography of the late positive component of the Old-New effect separately for each stimulus type, we did a resampled paired t test, comparing O and N ERPs for each stimulus type and electrode. Figure 5A shows the topographic significance plots for the Old-New effect during the LPC time window for verbal, spatial, and grating ERPs. Grand average waveforms from a representative electrode (C4) are also shown in Figure 5A for each of the stimulus types. O ERPs are more positive than N ERPs at centroparietal regions for verbal items, and this effect is lateralized to the right. Relative to the effect for verbal stimuli, the effect for grating stimuli is topographically more constrained and more lateralized to the right. The effect is particularly small for spatial stimuli, but an effect at electrode C4 is apparent for all stimulus types. Moreover, the spatial waveform shows that an effect is present at electrode C4, and that the effect may occur earlier than for verbal and grating stimuli. This might account for the lack of significance during the epoch of interest.
As with the FN400, we performed a 3-stimulus type×2-Old-New resampled repeated-measured ANOVA at each electrode in order to determine whether the difference in the LPC Old-New effect across stimulus types comprised a significant interaction. The significance of this interaction is presented topographically in Figure 5B . There it can be seen that while there is some significance in frontal locations, overall there is no interaction between stimulus type and probe-type at centroparietal locations comprising the LPC. This suggests that while spatial and grating stimuli appear to evoke a weaker LPC Old-New effect than verbal stimuli, this does not constitute a significant difference. This means the amplitude of the LPC Old-New effect does not differ statistically across stimulus types. Bonferroni-corrected pairwise comparison plots displayed in Figure 5B confirm that there is no difference in the LPC Old-New effect between stimulus types. Next we decided to explore the possibility that, like the FN400, the LPC is indicative of recency. We did this by exploring the effect of serial position on the LPC. The late positive Old-New effect at electrode C4 for each of the three serial positions (O 1 , O 2 , and O 3 ) and stimulus types (verbal, spatial and grating) is shown in Figure 5C . Although a monotonic increase in LPC at electrode C4 with serial position is apparent for grating stimuli, it can be seen that overall this effect did not increase in amplitude as serial position increased. A 3-stimulus type×3-serial position repeated ANOVA showed no significant main effect of serial position on the LPC Old-New effect (F(2,22) = 0.18, MSE = 0.13, n.s.). Consistent with our previous observations, there was no main effect of stimulus type on the LPC Old-New Effect (F(2,22) = 2.31, MSE = 0.59, n.s.). Furthermore, serial position did not interact significantly with stimulus type (F(4,44) = 0.60, MSE = 0.12, n.s.), demonstrating that the pattern for grating stimuli did not differ significantly from those for verbal and spatial stimuli. This indicates that while the LPC differentiates old from new stimuli across a variety of stimulus types, it fails to differentiate old items based on their recency. That the FN400 shows a recency effect and the LPC does not is supported statistically by an interaction between serial position and component (F(2,22) = 3.84, MSE = 0.08, p <.05). This supports the idea that LPC may represent an all-or-none memory process rather than a graded one.
Discussion
Our study explored ERP correlates of recognition memory during a short-term memory task (Sternberg, 1966) . We focused on the FN400 and the LPC, two components of the ERP that have been implicated in recognition memory (for review, see Rugg, 1995; Johnson, 1995) . The FN400 and LPC together comprise what is commonly referred to as the ERP Old-New effect, an effect whereby stimuli correctly identified as old elicit more positive-going ERPs than stimuli correctly identified as new. While this effect has been best characterized in long-term memory paradigms, it is not unusual for these two components to be explored in shortterm memory tasks similar to the one we employed here (e.g., Crites et al., 1998 Crites et al., , 2000 . Justification for dividing the effect into two components comes from evidence that the two components are associated with different psychological processes in long-term memory (Curran, 2000; Smith, 1993) and have distinct topographies at the scalp (Curran, 2000) . We were motivated to explore these components of the ERP Old-New effect in the context of a short-term memory paradigm, and to characterize their behavior along several dimensions, including stimulus type and recency. Consistent with findings in long-term memory paradigms, we found that the FN400 and LPC responded differentially to task manipulations.
The FN400 Old-New effect
We found that the FN400 distinguished old from new items for verbal stimuli, but not for spatial and grating stimuli ( Figure 4A ). This is consistent with the proposition that the FN400 Old-New effect is restricted to stimuli whose retrieval involves unitization (Rugg & Doyle, 1994; Mecklinger, 1998) . Unitization is the process by which a stimulus' attributes or associates are integrated into a single conceptual unit, and would promote ease of categorization and verbalization. In contrast with those three stimulus types, our spatial position and grating stimuli, which were designed to thwart categorization and verbalization, seem not to distinguish the FN400 component from old and new stimuli.
In addition, the FN400 showed a dependence upon serial position that was consistent with the dependence seen in our behavioral data, with more recent stimuli being better remembered and eliciting more positive-going FN400s ( Figure 4C ). The idea that better remembered stimuli exhibit more positive-going FN400s is consistent with previous findings associating the FN400 with memory strength in studies of long-term (Finnigan, Humphreys, Dennis, & Geffen, 2002 ) and short-term (Crites et al., 2000) memory. For verbal items, the amplitude of the FN400 fits nicely onto a continuum of memory strength, with new items showing the most negative FN400, followed by items that have been seen more and more recently. In contrast, while spatial and grating stimuli show the same graded recency effect, there is no difference apparent between old items and items that are new. It is interesting that spatial stimuli show a recency effect in the FN400 component but not the behavioral data, suggesting that there is some other process at work contributing to the behavioral outcome.
In studies of long-term memory, accumulating evidence suggests that the FN400 may be an index of familiarity (Diana et al., 2006; Duzel et al., 1997; Curran, 2000; Curran et al., 2002; Curran & Cleary, 2003; Curran, 2004) . In dualprocess models of recognition memory, familiarity is conceptualized as a feeling of knowing in absence of source information (for review, see Yonelinas, 2002) . This offers a novel perspective on our FN400 findings. When a dual process perspective is adopted, the recency effect can be conceptualized as being associated with the amount of familiarity evoked by a given item. This is consistent with findings that familiarity is a graded process that decreases rapidly with time (Yonelinas, 2002) , with more recent items evoking stronger feelings of familiarity than less recent items.
The dual-process perspective may also shed light on the differences in the FN400 Old-New effect across our stimulus types. The lack of an FN400 Old-New effect in spatial and grating stimuli suggests that with such stimuli, participants tend to confused new items with old items, as we expected when we made our stimulus choices. This possibility is bolstered by the relatively poor behavioral performance in these two tasks, in terms of both discrimination and response time (Figure 3 ). This interpretation is consistent with findings that the FN400 Old-New effect is attenuated when new items' similarity to old items is increased (Curran, 2000; Curran & Cleary, 2003) . This suggests that although familiarity may help participants make their Old-New decision for verbal or other stimuli that can be unitized, it may be less helpful for grating and spatial stimuli, in which perceptual similarity between old and new items reduces performance. This points to an avenue of theoretically valuable, new research. By strategically manipulating the similarity between new items and the items in the study set, one would expect familiarity (and the amplitude of the FN400) to increase monotonically as a function of similarity. Furthermore, one would expect to see an FN400 Old-New effect when looking at new items that are very dissimilar from the items in the study set. This could be done with stimuli similar to the gratings adopted in the current study or alternatively with auditory analogs to gratings (Visscher et al., 2007) . Another possibility is that spatial and grating stimuli are more difficult to rehearse verbally than the other stimuli (Hwang et al., 2005) , thus making studied stimuli less familiar.
The LPC Old-New effect Figure 5A shows that across a range of stimulus types, particularly verbal and grating stimuli, the LPC distinguished old and new items. Substantial evidence suggests that the LPC represents recollection, the part of recognition that dualprocess theorists claim involves remembering source information like episodic details (Smith, 1993; Duzel et al., 1997; Curran, 2000) . In agreement with studies by Mecklinger and colleagues (Mecklinger, 1998; Bosch, Mecklinger, & Friederici, 2001; Mecklinger, 2000) , we found that, unlike the FN400, the late positive component of the ERP OldNew effect is associated with a variety of different stimulus types. Whereas Mecklinger demonstrated this for object and location stimuli, we have demonstrated that the effect occurs across a broader range of stimulus types, including letters, words, objects, spatial locations, and sinusoidal gratings.
Although the LPC Old-New effect did not differ significantly across stimulus types, the differences apparent in Figure 5A warrant some discussion. The spatial stimuli show a weak effect only at one electrode, while verbal and grating stimuli show stronger effects across a broader range of electrodes. The smaller effects for spatial and grating stimuli are consistent with findings that abstract stimuli are difficult to recollect , but the lack of a significant interaction between the LPC Old-New effect and stimulus type ( Figure 5B ) precludes strong assertions on this front. spatial stimuli are more difficult to encode or recollect, but the fact that behavioral performance was significantly better for spatial stimuli than grating stimuli suggests that some other process (e.g., visuospatial working memory) may be enhancing recognition of the spatial stimuli.
In addition, we found that unlike the FN400 effect, the LPC did not show a recency effect ( Figure 5C ). This is in agreement with work by Crites and colleagues (1998) . However, another study found recency effects in the LPC for nonverbal stimuli but not for verbal stimuli (Crites et al., 2000) . We did not replicate this effect, finding that the LPC showed no recency effects for any of our stimulus types. The fact that the LPC seems to represent an all-or-none process rather than a graded one is consistent with the conceptualization of recollection as a threshold process (Yonelinas, 2002; Howard, Bessette-Symons, Zhang, & Hoyer, 2006; Schwartz, Howard, Jing, & Kahana, 2005) . Our findings support the idea that the LPC is represents a threshold process that differentiates previously seen items from new items for any of a broad range of stimulus types.
Conclusions
We found that during a short-term memory task the FN400 and late positive components of the ERP Old-New effect respond very differently to study manipulations. These results illuminate how the processes reflected in these components may contribute to the recognition of different kinds of stimuli. The process reflected by the FN400 appears to contribute to recognition of our verbal stimuli more so than our spatial and grating stimuli. The process reflected by the LPC appears to reflect a more general recognition process. Furthermore, the FN400 but not the LPC increased as a function of recency. These results are consistent with the correspondence, seen in the literature on long-term memory, between the FN400 component and the graded process of familiarity, on one hand, and the LPC and the threshold process of recollection, on the other hand. It is particularly interesting that these two ERP components, which have been much studied and differentiated in the context of long-term memory, produce parallel patterns of results in a short-term recognition task. These parallels raise the intriguing possibility that some of the same cognitive processes may underlie shortand long-term recognition.
